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ABSTRACT 
 
 
 
MECHANISTIC AND ECONOMIC BENEFITS OF FIBER-REINFORCED 
ASPHALT MIXTURES 
Ashish Tripathi 
Thesis Chair: Mena I. Souliman, Ph.D. 
The University of Texas at Tyler 
May 2018 
     Fatigue cracking and permanent deformation (rutting) are major distresses that occur 
in flexible pavements. Four-point bending beam as well as flow number laboratory tests 
have been used for several decades to evaluate the long-term fatigue and rutting 
resistance for asphalt mixture, respectively. One of the most significant solutions to 
prolong the fatigue life and improve rutting resistance for an asphaltic mixture is to 
utilize flexible materials such as fibers. In 2008 a laboratory testing program was 
performed on a conventional and fiber-reinforced mixtures to investigate the impact of 
added fibers on the mechanical, mechanistic, and economical attributes of asphaltic 
mixtures. Strain controlled fatigue tests were also conducted in that testing program 
according to American Association of State Highway and Transportation Officials 
(AASHTO) procedures. The results from the beam fatigue tests indicated that the fiber-
reinforced mixtures would have much longer fatigue and rutting resistance life 
compared with the reference (conventional) mixtures. Additionally, a mechanistic 
analysis using 3D-Move software coupled with a cost-effectiveness analysis study 
vii 
 
based on the fatigue and rutting resistance performance on the two mixtures was 
performed for both newly constructed and overlay pavement structures. Overall, the 
analysis showed that fiber-reinforced asphalt mixtures exhibited significantly lower 
cost of pavement per 1000 cycles of fatigue and rutting lives per mile compared to 
conventional HMA mixture. 
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Chapter One 
Introduction 
1.1. Fatigue Cracking and Rutting in Flexible Pavement 
     A series of interconnected cracks initiated from the bottom of the HMA to the 
surface under repeated traffic loading is known as fatigue cracking (1). These cracks 
are due to the tensile stress that occur at the bottom of HMA and these cracks travel to 
the surface to become the longitudinal cracks. After repeated loading, these longitudinal 
cracks connect forming many-sided sharp-angled pieces that develop into a pattern 
resembling the back of an alligator or crocodile. A fatigue cracked pavement should be 
investigated to identify the root cause of failure. The small fatigue cracked pavement 
can be repaired by removing the cracked pavement area, replacing the poor subgrade 
area and patching the repaired subgrade. The large fatigue pavement area can be 
repaired by rehabilitation such as placing an overlay over the entire existing pavement 
structure (1).  
     Rutting is one of the structural failures characterized by longitudinal depression on 
the pavement surface (1). There are two basic types of rutting: mix rutting and subgrade 
rutting. Mix rutting occurs when the subgrade does not rut but the pavement surface 
exhibits deflection because of compaction/mix design problems. Subgrade rutting 
occurs when deflection occurs on the subgrade due to loading. Therefore, the pavement 
settles into the subgrade ruts that causes surface into deflection in the wheel path.  Ruts 
filled with water can cause vehicle hydroplaning that may be hazardous because ruts 
tend to pull the vehicle towards the rut path as it is steered across the rut. A heavily 
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rutted pavement should be investigated to determine the main cause of failure such as 
insufficient compaction, subgrade rutting, poor mix design and so on. Pavement having 
deep ruts should be considered for rehabilitation like levelling or overlay (1). 
1.2. Use of Fibers in Asphalt Pavement 
 
     Adding fiber has been introduced for many decades to reinforce paving materials in 
various parts of the world. Their use in stone matrix asphalt and porous or open-graded 
mixtures to prevent drain down of the binder from the aggregate particles is very 
common. On the contrary, the use of fiber in dense-graded mixtures to increase stability 
(reduce rutting) and improve resistance to cracking is less common (2). Cracking of 
asphalt pavements appears to be an increasing concern in many states, consequently an 
identification of a potential tool to reduce cracking would be very beneficial. Many 
types of fibers are available for incorporation into asphalt paving mixtures. Forta-Fi 
fibers that are used in this study have been utilized in pavements to improve the 
performance of asphalt mixtures against permanent deformation and fatigue cracking 
(3). 
1.3. Forta-Fi Fibers  
     Forta-Fi is a high tensile strength fiber, which is a mixture of polyolefin and aramid 
polymers utilized in asphalt pavement construction to help roadways, airfields, parking 
lots perform better and last longer than conventional asphalts placements. Forta-Fi act 
as reinforcement in asphalt mixtures offering more stability to the mixture along with 
the strength, toughness and durability through the material. Utilizing the forta fiber in 
the asphalt mixture is a cost-effective way to improve the durability and increase the 
pavement lives by controlling fatigue cracking and rutting. 
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1.4. Testing of Forta-Fi in Past Research 
     In coordination with FORTA Corporation and the City of Tempe in Arizona, a Type 
C-3/4 base and surface course layers were selected for paving on the Evergreen Drive 
(East of the Loop 101 and North of University Drive). The designated road section 
within the construction project had three main asphalt mixtures but for the purposes of 
this thesis study, only two will be mentioned and further analysed: a control mix with 
no fibers and a mixture that contained one pound of fiber per ton of asphalt mixture. 
No repair work was done, and the 2-inch overlay was placed on a much-deteriorated 
section of Evergreen Drive. However, only the edge of the pavement was milled off to 
match the final overlay grade of the curb. The overall length of the pavement section 
was 211 feet. The pavement sections were placed in staggered combinations to get an 
unbiased result on pavement performance of the mixtures, including the evaluation of 
a section with a bus stop (about 186th ft. station). Laboratory sample preparation 
included the compaction of 150 mm diameter gyratory specimens for repeated load 
permanent deformation (also known as flow number) testing (3).  
     In addition, beam specimens were prepared and compacted according to AASHTO 
TP8 test protocols (4). The target air void level for the test specimens was 7%. Rice 
specific gravities were determined thickness and bulk densities were measured, and the 
samples were stored in plastic bags in preparation for the testing program. The tests 
included triaxial shear strength, dynamic modulus, and repeated load for flexural beam 
tests for fatigue and evaluation of rutting resistance via flow number test. Binder tests 
were conducted to develop information that complemented other mix material 
properties. The tests provided ASTM Ai-VTSi consistency-temperature relationships. 
These tests were conducted for original conditions included: penetration, ring and ball 
softening point, and rotational viscosities at selected temperature range (3). 
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Chapter Two 
 Literature Review 
2.1. Asphalt Pavement 
     Flexible pavements (asphalt pavement) are constructed of several layers of natural 
granular material covered with one or more waterproof bituminous surface layers, and 
as the name implies, is flexible (1). A flexible pavement will bend under the load of a 
tire. The design objective of a flexible pavement is to avoid the excessive flexing of 
any layer, failure to achieve this will result in over stressing the layer, which ultimately 
will cause the pavement to fail. In flexible pavements, the load distribution pattern 
changes from one layer to another, because the strength of each layer is different. The 
strongest material (least flexible) is in the top layer and the weakest material (most 
flexible) is in the lowest layer. The reason for this is that at the surface the wheel load 
is applied to a small area resulting in high stress levels, deeper down in the pavement, 
the wheel load is applied to larger area resulting in lower stress levels; therefore, the 
use of weaker materials for deep layers are enabled. 
     Fatigue cracking is commonly called alligator cracking. That is series of 
interconnected cracks creating small, irregular shaped pieces of pavement. It is caused 
by failure of the surface layer or base due to repeated traffic loading (fatigue) (1). 
Eventually the cracks lead to disintegration of the surface, resulting potholes. Alligator 
cracking is usually associated with base or drainage problems. Small areas may be fixed 
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with a patch or area repair. Larger areas require reclamation or reconstruction. Drainage 
must be carefully examined in all cases. 
     Rutting is the displacement of pavement material that creates channels in the wheel 
path. Very severe rutting will hold water in the rut. Rutting is usually a failure in one 
or more layers in the pavement. The width of the rut is a sign of which layer has failed. 
A very narrow rut is usually a surface failure, while a wide one is an indication of a 
subgrade failure (1). Inadequate compaction can lead to rutting. Minor surface rutting 
can be filled with micro paving or paver-placed surface treatments. Deeper ruts may be 
shimmed with a truing and levelling course, with an overlay placed over the shim. If 
the surface asphalt is unstable, recycling of the surface may be the best option. If the 
problem is in the subgrade layer, reclamation or reconstruction may be needed (1). 
2.2. Use of Fibers In Asphalt Pavements 
     The use of fibers in hot mix asphalt (HMA) did not come until the late 1950s when 
the US Army Corps of Engineers, the Asphalt Institute, and the Johns-Manville 
Company initiated the first evaluation of asbestos fibers in HMA (5). Results of this 
study indicated that mixtures containing asbestos fibers illustrated an increase in tensile 
strength, compressive strength, stability, ability to sustain load after reaching maximum 
stability, and resistance to weathering. 
     Wire wool is fiber waste material that was combined with asphalt mixes.  These wire 
wool pads are used for a variety of purposes. However, it is primarily used for their 
ability to clean and cut through grease and grime. An investigation was conducted by 
Bdour et al. (6) to assess the mechanical and dynamic properties of HMA binder with 
wire wool. The modification efficiency was evaluated by the improvement in the 
performance of prepared asphalt hot mixes. The study was conducted to assess the 
performance of wire wool modified HMA mixes through standard laboratory 
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procedures and to determine the optimum percentage of the wire wool and asphalt 
content that should be added. Wire wool, as a by-product of steel manufacturing, is 
known to possess some reinforcing characteristics. Bdour et al. (6) indicated that wire 
wool decreased the cracks by increasing the tensile strength of the HMA. 
     Use of Polypropylene fibers in asphalt concrete has also been widely adopted all 
around the world in this regard. Addition of fibers were found to increase the rutting 
resistance of asphalt concrete by increasing the resilient modulus of HMA. Life cycle 
cost analysis was performed to determine the financial feasibility of using 
Polypropylene fibers in asphalt concrete which led to the conclusion that the use of 
Polypropylene fibres is financially feasible at elevated temperatures (7). 
     Kaloush et al. (8) evaluated the characteristics and properties of the carbon fiber-
reinforced asphalt mixtures through laboratory tests such as Marshall Stability, indirect 
tension, creep, and repeated load indirect tensile test to quantify the fatigue resistance 
of fiber-reinforced mixtures. Kaloush et al. (8) reported that the addition of carbon 
fibers emphasized an increase in flow value and voids in the mixture. Additionally, it 
was found that the addition of fibers improved the fatigue life and permanent 
deformation of the mixtures.  
     Mahrez and Karim investigated the inclusion of glass fibers into stone mastic asphalt 
which indicated that resilient modulus can be significantly enhanced by the addition of 
fibers depending on the fiber content in the mixture. It was also reported that the 
addition of fiber improved fatigue life by increasing the resistance to cracking and 
permanent deformation of bituminous mixes (9).  
     Panda et al. (2) utilized ripe coconut fiber in Stone Matrix Asphalt (SMA) mixes to 
study the various engineering properties. Marshall Procedure was followed to 
determine the optimum binder and optimum fiber contents and to study the relative 
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advantages of fiber addition in the SMA mixtures. The research outcomes illustrated 
that the addition of coconut fiber increases the stability and unit weight value, while 
reducing the flow and air voids. In addition, fiber-reinforced mixtures had higher tensile 
strength than that without fibers. The addition of coconut fiber has resulted in much 
higher resilient modulus with any kind of binder.  
     Shukla et al. (10) indicated that addition of fibers to asphalt mix enhances material 
strength and fatigue characteristics. Asphalt concrete samples were prepared and tested 
in the laboratory to evaluate the various mixture characteristics. From the study on 
testing of fiber-modified mixes it is concluded that fiber modified asphalt mixtures have 
shown increased stiffness and resistance to permanent deformation. Fatigue 
characteristics of the mixtures were also improved. Fibers used in the study were of 
high tensile strength therefore test results of FMACM have shown higher indirect 
tensile strength and improved skid resistance for paving applications. 
     Xu et al. (11) studied the reinforcing effects and mechanisms of fibers for asphalt 
concrete (AC) mixtures under the environment temperature and water effects using four 
typical fiber types – polyester, polyacrylonitrile, lignin and asbestos. Laboratory tests 
were conduct on the fiber reinforced AC (FRAC) to measure its strength, strain and 
fatigue behaviour. Results showed that fibers have significantly improved AC’s rutting 
resistance, fatigue life, and toughness.  
     Chen and Lin (12) investigated the reinforcement mechanism of bitumen mixed with 
fibers such as cellulose, rock wool and polyester. It was reported that the tensile strength 
of bitumen-fiber mastics increases with increasing fiber concentrations because the 
fibers carry parts of tensile loads. With the increasing tensile strength, it is observed 
that there is a good adhesion between bitumen and fibers.  
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     Wu et al. (13) investigated the rheological and fatigue properties of asphalt mixtures 
containing polyester fibers. The viscosity, rheological and fatigue tests were conducted 
to characterize such related properties of asphalt binder and mixture with different fiber 
contents. Test results indicated that the viscosity of asphalt binder is increased with 
increasing polyester fiber contents, especially at lower temperature. It was observed 
that with different polyester fiber contents, the complex modulus and loss modulus of 
asphalt binders are decreased at 15 °C and 0.1–100 rad/s frequency range. The dynamic 
modulus test results for asphalt mixture with 0.3% polyester fiber content also revealed 
that the dynamic modulus and phase angle decreased at the same temperature, which 
leads to a decrease of fatigue parameter for asphalt mixture. The cycle numbers to 
fatigue failure of fiber modified asphalt mixture are increased with 1.9, 2.9 and 3.6 
times at 0.5, 0.4 and 0.3 stress ratios, respectively when compared with the control 
asphalt mixture. The parameters of fatigue functions for asphalt mixture with or without 
polyester fiber are obtained and compared, and it illustrated that the fatigue property of 
asphalt mixture can be improved by fiber addition, especially at lower stress levels. 
     Von Quintus et al. (14) conducted a research study to quantify the effect of using 
polymer modified asphalt as compared to conventional-unmodified HMA mixtures in 
terms of reducing occurrence of distresses and increasing pavement life and identify 
conditions that maximize effect of PMA to increase pavement & overlay life. The study 
showed that use of PMA reduces distress in pavements & overlays. The section had 
less fatigue cracking, fewer transverse cracks, and smaller ruts. Along with that, it 
helped to increase 3 to 10 years in service life. 
     Severo and Ruwer conducted a research program to evaluate the performance of hot 
mixed asphalt rubber overlay. The mix contained 88% asphalt and 12% ground tire 
rubber. The overlay was built on top of very badly cracked concrete asphalt pavement. 
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The performance of the overlay was studied for 2 years. After 2 years of service the 
overlay was virtually crack free, with good ride, no rutting or maintenance and good 
skid resistance (15). 
     Echols (16) indicated that Fiber-reinforced Asphalt (FRA) is superior to 
conventional mixes for overlays (maintenance), bridge membranes, and composite and 
multi-course asphalt applications. Freeze-thaw resistance and effective control of 
reflective cracking are two major advantages of FRA. However, widespread acceptance 
of FRA technology is plagued by inherent mix problems that raise production costs, 
thereby reducing usage. The author conducted an experiment at the University of North 
Texas (UNT) to improve FRA production economics, at which polyester fibers were 
introduced into the asphalt by means of the author's 'forced induction machine'. The 
mixing approach was unique in using a pre-separation blower. The UNT study 
conclusively showed forced induction as superior to manual operation. The 
improvement includes greater mix efficiency and economic feasibility. 
     Abiola et al. (17) provided a review on the utilization of natural fiber as modifier in 
bituminous mixes.  The study indicated that the use of fibres fulfilled the need for 
improving the tensile strength and flexibility of the bituminous mixtures as pavement 
experiences higher volume of traffic and increase in loads, especially coming from 
heavy vehicles. These cause plastic and viscos-elastic deformations in the mixture, thus 
resulting in rutting formations and progressive propagation of cracks. The hybridization 
of the natural fibers and the synthetic fibers had enhanced the material fatigue strength 
characteristics and at the same time, exhibited excellent mechanical properties and 
increased the ductility of the composite compound. 
     Ismael and Al-Taher performed the flexural bending test on asphalt beam specimens 
at the standard conditions. The addition of polyester fibers showed enhancement in the 
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fatigue properties. Demonstrating by percentage, 4.70%, 8.10% and 7.4% growth of 
cyclic loads to failure occurred when the fibers of 6.35 mm length size presented in the 
mixtures with their three blended categories. Referring to the fibers of 12.70 mm length 
size, the same increase happened with little enlargement, in other words, 5.40 %,9.40 
% and 8.70 % percentages of increase observed. It is clearly noticed that 0.50 % of 
fibers content yields the best results for both fibers configurations. This improvement 
confirmed the fact that the fibers were distributed in different directions in the asphalt-
aggregates matrix causing high strain capacity of the mixes owing to their higher 
asphalt content and the thicker film coating the aggregates (18). 
     Puzinauskas (19) reported that asphalt cement viscosity and mixture stiffness can be 
improved by the addition of randomly dispersed asbestos fibers. In addition, asbestos 
fibers have demonstrated effectiveness to improve the low temperature cracking 
properties of asphalt concrete mixtures. 
     Busching et al. (20) prepared an extensive review of the literature associated with 
reinforced asphalt concrete paving mixtures. To date most of the reinforcement used 
has been continuous rather than particulate. Particulate fibers used to date include 
asbestos cotton and fiberglass. Continuous reinforcement in the form of welded wire, 
synthetic yarns and fabrics has been used sporadically and in modest amounts in the 
United States for over 30 years. 
     Button and Bhasin evaluated two types of recycled tire fibers to determine whether 
they can be used in different types of HMA mixtures as a replacement of currently used 
cellulose fibers or mineral fiber. To accomplish that objective, the researchers tested 
three different types of mixtures (SMA, PFC, and CMHB) with two different types of 
recycled tire fibers, one cellulose fiber, and no fiber. Compacted HMA specimens were 
prepared using these combinations and tested using several common laboratory test 
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procedures. The laboratory tests used to evaluate the mixtures were: drain down test, 
dynamic modulus test, overlay test, indirect tensile strength test, and Hamburg wheel 
tracking test. Mixtures containing tire fibers, in most cases, outperformed the mixtures 
containing cellulose fiber and mixtures with no fiber. Drain down test results clearly 
revealed that recycled tire fiber can be used in SMA and PFC mixtures as a replacement 
for cellulose fiber (or mineral fiber) to prevent asphalt drain down during construction. 
The presence of fiber in HMA mixtures produced mixed results for indirect tensile 
strength test. Tensile strength was improved for the SMA and PFC mixtures but was 
reduced for the CMHB mixture. Application of long tire fiber significantly improved 
the overlay test results for the PFC and CMHB mixtures but slightly decreased 
performance for SMA mixture (21).  
     McDaniel and Shah investigated the performance of a variety of materials added to 
asphalt binders and mixtures to change their properties, particularly with respect to 
rutting and cracking. The approach included a field trial of seven polymer and 
particulate modifiers, supplemented by laboratory characterization of the materials used 
in the field. The evaluated modifiers included PAC, Novophalt, multigrade asphalt 
cement, polyester fibers, Neoprene, SBR, and asphalt rubber. The field trial showed 
that different modifiers do yield different performance. Modifiers are not essential to 
ensure that the pavement will not rut. None of the mixtures evaluated here exhibited 
appreciable rutting. Dramatic differences were noted in the cracking behaviour, 
however. Newly developed laboratory tests could identify binders that would be more 
prone to cracking. All the materials evaluated did change the properties of the binders 
or mixtures in some way. Some of the modifiers, however, were more effective at 
modifying the properties to provide improved field performance in a cost-effective 
manner (22). 
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     MaurerGerald and Malasheskie illustrated that the various uses of geotechnical 
fabrics and fibers will significantly retard reflective crack formation in an asphaltic 
concrete overlay. Four paving fabrics, one fiberized-asphalt membrane, and one fiber-
reinforced asphaltic concrete were the evaluated treatment alternatives. All treatments 
were being compared among each other as well as among control sections without 
treatment to determine its relative performance, considering construction and 
maintenance costs, ease of placement or adaptability to normal overlay practices, and 
the ability to prevent or retard reflective cracking. Construction monitoring indicated 
that ease of placement varied considerably, and contractor application experience was 
a significant factor affecting both efficiency and adequacy of placement. The fiber-
reinforced asphalt concrete was rated least expensive and easiest to adapt to the normal 
paving operation. Generally, the paving fabrics were somewhat more expensive and 
more difficult to place. Wrinkling of the fabric and poor tack coat application were the 
most commonly encountered problems with placing paving fabrics. Fabrics which were 
heat-bonded had more construction difficulties. Proper identification of pavement base 
conditions and adequate preliminary treatment are important factors for correlating 
relative performance. Performance data are presented for surveys conducted eight 
months, 26 months, and 44 months after construction. All treatments retarded cracks 
over the evaluation period, although the amount and rates of reduction varied. One 
paving fabric and the fiber-reinforced asphalt concrete had the highest crack reduction 
ratios after the 44-month evaluation (23).  
     Souliman et al. (24) studied the performance of testing of fiber-reinforced asphalt 
mixture, cost-analysis, a sustainable credit summary, and carbon dioxide comparison 
on paving airfields. The study explored the feasibility of using fiber-reinforced asphalt 
concrete as a sustainable paving strategy for airfields.  Laboratory testing showed that 
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the Jackson Hole Airport mixture performed better than the control mixture produced 
in the laboratory utilizing similar materials. Further analysis concluded that a fiber-
reinforced, porous asphalt friction course could qualify for several sustainable site 
credits. In addition, the minimal upfront cost of fibers makes this product attractive 
because the cost can be recouped by an approximate 1-year extension in service life. 
Pavement design simulations indicated a reduction in equivalent carbon dioxide 
emissions through the extension of service life.  
     Lukashevich and Efanov conducted experimental research utilizing the methods of 
electron paramagnetic resonance and fluorescent bitumen studies. They concluded that 
at dispersion reinforcement of asphalt concrete mixtures with fibers of sorbents used 
for containment and oil skimming it’s advisable to enter first sorbents containing 
recovered oil products into the mineral material, mix them and then oil bitumen can be 
added to this mixture. Electronic paramagnetic resonance, infrared spectroscopy and 
fluorescent bitumen studies were done to prove that disperse reinforcement of asphalt 
concrete mixtures with fibers of exhausted sorbents reduce the selective filtration of 
low polymeric fractions of petroleum bitumen and improve its properties in the 
adsorption layer. Sesquioxides were neutralized as catalysts aging asphalt binder which 
improved the elasticity of bitumen films at low temperatures and provide better crack 
resistance of coatings to reduce the intensity of the aging of asphalt binder, and, 
therefore, to increase the durability of road pavements. Furthermore, the experimental 
road pavement made of dispersed reinforced asphalt concrete operated for 4 years and 
demonstrated better transport performance properties in comparison with the analogue 
pavements (25). 
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2.2. Use of Forta-Fi 
     Kaloush and Biligiri (3) conducted a study considering three asphalt mixtures: a 
control mix with no fibers added; a mixture that contained 1-lb of fibers per ton of 
asphalt mixture; and a mixture that used 2-lbs of fibers per ton of asphalt mixture.  This 
study included the nationally recognized National Cooperative Highway Research 
Program (NCHRP) 9-19 project which dealt with the development of Simple 
Performance Tests (SPT) for permanent deformation and cracking potential evaluation 
of asphalt mixtures. The results from these advanced tests were utilized as input in the 
newly developed Mechanistic-Empirical Pavement Design Guide (MEPDG) (flexible 
pavement program developed at ASU). Laboratory experimental program included: 
triaxial shear strength, dynamic modulus, and repeated load for permanent deformation 
characterization.  
     Flexural beam tests along with flexural toughness tests were conducted for fatigue 
cracking evaluation; Indirect diametric tensile tests to evaluate thermal cracking 
mechanism; C* Integral test to evaluate crack growth and propagation. The 1 lb/Ton 
fiber-reinforced asphalt mix yielded the best performance based on triaxial shear 
strength laboratory tests. Both fiber-reinforced asphalt concrete mixtures indicated that 
the fiber-reinforced mixes show higher resistance against crack propagation than the 
mixes without fibers. It was reported that fiber-reinforced mixes have the potential to 
resist permanent deformation better than the control mix (3). Flexural fatigue tests are 
performed according to the AASHTO T321 (2), and SHRP M-009. The flexural fatigue 
test has been used by various researchers to evaluate the fatigue performance of 
pavements. In the laboratory, two types of controlled loading are generally applied for 
fatigue characterization: constant stress and constant strain. In constant stress testing, 
the applied stress during the fatigue testing remains constant. As the repetitive load 
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causes damage in the test specimen the strain increases resulting in a lower stiffness 
with time. In case of constant strain test, the strain remains constant with the number of 
repetitions. Because of the damage due to repetitive loading, the stress must be reduced 
resulting in a reduced stiffness as a function of repetitions. The constant stress type of 
loading is considered applicable to thicker pavement layers usually more than 8 inches. 
For AC thicknesses between these extremes, fatigue behaviour is governed by a mixed 
mode of loading, mathematically expressed as some model yielding intermediate 
fatigue prediction to the constant strain and stress conditions. 
     Kassem et al. (26) assessed the fiber-reinforced asphalt concrete mixture using 
advance material characterization. They concluded that based on prediction from the 
developed viscoelastoplastic model, fibers improve the performance in terms of the 
predicted strains in response to a given stress profile. The usage of aramid and 
polyolefin fibers with the wax-based WMA additives improves rutting resistance of AC 
mixture.  
     Noorvand et al. (27) investigated the effect of synthetic fiber on mechanical 
performance of fiber-reinforced asphalt concrete. They indicated that a well distributed 
aramid fiber network improved performance in permanent deformation (flow number). 
It was postulated that in the flow number test, the fibers were ideally oriented to 
strengthen cracks which form parallel to the loading direction.  
2.3. Cost-Effectiveness Analysis Using Asphalt Rubber and Polymer- Modified 
Mixture 
     Based on the above-summarized literature, it can be noticed that fiber-reinforced 
mixtures had better fatigue and rutting resistance performance over unmodified HMA 
mixtures. The remaining unanswered question is: Do the fiber-reinforced mixtures 
represent cost-effective solutions to resist fatigue cracking and permeant deformation 
compared to unmodified HMA mixtures? To answer this question, a detailed 
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mechanistic analysis and cost-effectiveness calculations are much needed to quantify 
the true cost-effectiveness of fiber-reinforced asphalt mixtures as related to fatigue and 
rutting resistance. 
     Mechanistic analysis is a comprehensive concept that explains the phenomena 
caused by physical action such as stresses, strains, and deflections within a structure.  
Souliman et al. (28) conducted a mechanistic analysis using 3D-Move with a cost-
effectiveness analysis study based on the fatigue performance on unmodified, asphalt 
rubber and polymer-modified mixture. Strain values were taken from 3D- Move 
analysis. Even though asphalt rubber and polymer-modified mixture increased the cost 
of the material; the analysis indicted that they exhibited higher cost-effectiveness 
compared to normal unmodified mixture with great significance.  
     Coleri et al. (29) worked on mechanical-empirical simulations and life cycle cost 
analysis to determine the cost and performances effectiveness of asphalt mixtures 
containing recycled materials. They concluded that increased binder content is an 
effective strategy to improve condition of road network and reduce long-term costs. 
They further concluded that higher RAP/RAS contents improve the performance and 
results in lower life cycle costs. 
2.4. Introduction of 3D-Move Software 
     The 3D- Move software developed by University of Nevada, Reno, utilized in this 
study to calculate to tensile strains and displacement at the bottom of the asphalt 
concrete layer and on the top of subgrade respectively. The analytical model (3D-
Move), adopted here to undertake the pavement response computations, use a 
continuum-based finite-layer approach. 3D Move Analysis is a mechanistic Analysis 
Software, which helps to determine the strain and displacement value by considering 
important pavement factors such as the moving traffic- induced complex 3D contact 
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stress distribution (normal and shear) of any shape, vehicle speed and viscoelastic 
material characterization for the asphalt layer. It incorporates a continuum-based finite-
layer approach to compute pavement responses. The finite-layer approach adopted in 
the 3D-Move treats each pavement layer as a continuum and uses the Fourier transform 
technique; therefore, it can handle complex surface loadings such as multiple loads and 
non-uniform tire pavement contact stress distribution. (30)  
2.4.1. Features of 3D-Move Analysis (31) 
 SI / US units 
 Static / Dynamic Analysis 
 Uniform Contact Pressure Distribution (Circle, Ellipse and Rectangle) 
 Non-Uniform Contact Pressure Distribution from Database 
 Semi-Trailer Truck Including Vehicle Dynamics (Uniform / Non-Uniform 
Contact Pressure Distribution) 
 Special Non-Highway Vehicle Loading (e.g. End-Dump Truck, Forklift) 
 Braking/Non-Braking Condition (Interface Shear Stresses) 
 Dynamic Variation of Tire Load (Dynamic Loading Coefficient, DLC) 
 Traffic Information 
 Dynamic Modulus, |E*|, from Lab Data or using Witczak Model for Asphalt 
Materials 
 Performance Models (NCHRP 1-37A and VESYS) 
 Response Computations at an Array of Points 
 Text Output (Text files and Microsoft Excel files) 
 Graphical Output 
 Help and Example
18 
 
Chapter Three 
Objectives 
     The objective of this thesis study is to assess the cost-effectiveness of Forta-Fi fiber-
reinforced asphalt mixtures as related to fatigue and permanent deformation (rutting) 
resistance performances. To accomplish this objective, the following tasks were 
performed in this study: 
 The fatigue mechanistic analysis, that is, individual 3D-Move analysis was 
performed to determine the maximum tensile strain at the bottom of HMA and 
HMA overlay.  The fatigue lives (NF) for all the scenarios were calculated 
utilizing the maximum tensile strain calculated based on 3D-Move analysis 
simulations. 
 The rutting mechanistic analysis, that is individual 3D-Move analysis was 
performed to determine the maximum displacement at the top of subgrade.  The 
rutting lives (NR) for all the scenarios were calculated using the maximum 
displacement based on 3D-Move Analysis simulations.  
 An economic value of conventional versus fiber-reinforced structures was 
evaluated to conduct a cost comparison between the two mixtures based on 
fatigue and rutting performance. 
 Cost-effectiveness technique was utilized to identify the cost benefit of adding 
Forta fiber on the pavement structure for both fatigue and rutting resistance. 
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Chapter Four 
 Data Analysis 
     Mechanistic-Empirical pavement design is a comprehensive concept for the design 
of pavement layers thickness. It explains the phenomena caused by physical action. The 
phenomena are the stresses, strains, and deflections within a structure. The causes for 
these phenomena are loads, climatic conditions, and properties of material of the 
pavement structure. Using the multilayer elastic models, the above effects and physical 
causes can be described. For defining the life of pavement structure based on the 
calculated above phenomena, empirical parameters are also used along with the 
mechanistic approach. The relationship between physical effect and failure of pavement 
is correlated by empirical equations that estimate the number of loading cycles required 
to cause failure. This approach helps to select the thickness of pavement layers with 
appropriate materials under specific traffic conditions. In this study, this approach was 
implemented to estimate the performance life of the two types of pavement mixtures 
(controlled mix and fiber-reinforced mix) based on fatigue and rutting characteristics 
of the mixtures. 
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Table 1 includes aggregate gradation for each mixture and percent binder content by 
mass of the mix. 
Table 1. Average Aggregate Gradations and Mixture Characteristics (3) 
Aggregate Gradation 
FORTA Evergreen PHX C-3/4 
Controlled Mix 
FORTA Evergreen PHX C-3/4 
1lb/ton Mix 
  1 100 100 
Percent 
Passing 
0.75 95 95 
0.5 85 85 
0.375 75 75 
No. 4 58 58 
No. 4 44 44 
No. 30 24 24 
No. 200 4 4 
Binder Content (%) 5 5 
Air Voids (%) 7 7 
Rice Specific Gravity (G mm) 2.428 2.458 
 
     Similarly, Figure 1 shows Dynamic Modulus (E*) for control and fiber- reinforced 
mixtures for five temperatures and six frequencies used for an analysis. 
  
Figure 1. Dynamic Modulus (E*) for Control and Fiber-Reinforced Mixtures (3)
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Chapter Five 
Mechanistic Analysis for Controlled and Fiber-Modified Asphalt 
Pavements 
5.1. Fatigue Mechanistic Analysis 
     Asphalt is good at compression and week at tension. At the bottom of HMA due to 
the repeated traffic loading under environmental condition, tensile stress is generated. 
A thin cracking is initiated at the bottom of HMA and gradually propagates toward the 
surface due to the tensile stress under repetitive traffic loading. This cracking is called 
fatigue cracking. The physical effects of pavement structures and failure can be 
correlated using empirical equation which helps to estimate the performance life of 
pavement structure utilizing tensile strains generated due to tensile stress.  
5.1.1. Newly Constructed Pavement Structures  
     Newly constructed pavement structure is a flexible pavement that is composed of an 
asphaltic material, underlying base and subgrade. Asphalt is categorized as hot mix 
asphalt (HMA), which is a viscoelastic nature that allows significant plastic 
deformation. Flexible pavement transmits load to the subgrade through a combination 
of layers distributing load over a relatively smaller area of the subgrade beneath. Under 
the effects of temperature, speed and traffic loading, flexible pavements are susceptible 
for the distresses. Fatigue cracking is considered the most important distresses surveyed 
due to high severity and density levels, and consequently, their high effects upon the 
pavement condition.  It is essential to minimize fatigue cracking in flexible pavement 
layers. To fully utilize each pavement material in an economic design, a pavement 
should generally have reasonably balanced design on fatigue modes of distress (1). 
Addition of Forta fiber in a HMA mixture over the conventional mixture helps to 
reinforce the pavement structure against fatigue cracking. The pavement structures 
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consisting fiber have longer fatigue lives under the same environmental and traffic 
conditions compared to unmodified asphalt mixture. Additionally, cost-effectiveness 
technique can also be utilized to identify the cost benefit of the addition of fibers to the 
HMA mixture.  
     The fatigue mechanistic analysis for a newly constructed pavement structures 
included 54 individual 3D-Move analysis cases (2 mixtures x 3 pavement structures x 
3 vehicle speeds x 3 pavement temperatures). The three pavements structures: thin (2-
inches), medium (4-inches), and thick (6-inches) were considered for analysis. All these 
pavement structures are placed over 6 inches of crushed aggregate base (CAB). Three 
vehicle speeds of 10mph, 45mph, and 75mph were selected. The input parameters, such 
as pavement layer thickness, material properties, and traffic loads are required to run 
the mechanistic analysis. Dynamic moduli were measured at five different temperatures 
(14, 40, 70, 100, and 130°F) and six different frequencies (0.1, 0.5, 1, 5, 10, and 25 Hz) 
for each mixture.  All analysed pavement structures were loaded with a standard single 
axle load of 160 KN (36 kips) over dual tires spaced at 14 inches with an inflation 
pressure of 827.4 kPa (120 psi). Tensile strains at the bottom of asphalt concrete layer 
were analysed under the centre point between the dual tires to identify maximum tensile 
strains. The fatigue lives (NF) for all the 54 scenarios were then calculated using the 
following NF-strain fatigue relationship (2): 
NF = k1(1/ ϵt) k2                                         (Equation 1) 
Where k1 and k2 are the regression constants. k1 and k2 for the unmodified controlled 
mixture are 4E-14 and 4.945, respectively. Similarly, for the fiber-reinforced mixture 
regression constants are 4E-18 and 5.98, respectively.  The fatigue ratio was then 
calculated as follows: 
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Fatigue Ratio = 
𝑵𝑭 𝑪𝒚𝒄𝒍𝒆𝒔 𝒐𝒇 𝑭𝒊𝒃𝒆𝒓−𝑹𝒆𝒊𝒏𝒇𝒐𝒓𝒄𝒆𝒅 𝑴𝒊𝒙
𝑵𝑭 𝑪𝒚𝒄𝒍𝒆𝒔 𝒐𝒇 𝑪𝒐𝒏𝒕𝒓𝒐𝒍𝒍𝒆𝒅 𝑴𝒊𝒙
                                   (Equation 2) 
     Fatigue life for each fiber-reinforced mixture scenario over the fatigue life of the 
corresponding controlled unmodified mixture scenario is shown in Table 2. The 
summary of the maximum tensile strains and NF cycles are presented in Table 2 as well 
as in Figure 3 and 4. Figure 2 illustrates the fatigue performances of all analysed 
scenarios. 
 
 
Figure 2. Fatigue Performances for Unmodified and Fiber-Reinforced Mixtures (3) 
      Figure 2 indicates the comparison of fatigue life for unmodified and fiber-reinforced 
mixtures at 70˚F and at 50% initial stiffness. It is observed that fiber-reinforced mixture 
has higher fatigue life than that of unmodified controlled mixture. 
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Table 2. Mechanistic Fatigue Analysis Results for Controlled and Fiber-Reinforced 
Mixtures for The Newley Constructed Pavement Structures 
 
 
    Using 3D-Move software, fatigue mechanistic analysis was conducted. The strain 
values were determined from 3D- Move software. NF cycles were calculated for both 
Pavement 
Layer 
Thickness 
Speed 
(mph) 
Temp. 
(˚F) 
Unmodified Controlled 
Mixture 
Fiber-Reinforced  
Mixture Fatigue 
Ratio 
Average 
Fatigue 
Ratio 
Strains 
(microns) 
NF (Cycles) 
Strains 
(microns) 
NF (Cycles) 
Thin 
10 
10 129 684,217 113 1,601,957 2.34 
3.6 
70 187 109,095 149 306,483 2.81 
100 236 34,515 196 59,480 1.72 
45 
10 127 739,181 112 1,689,414 2.29 
70 176 147,231 136 529,051 3.59 
100 219 49,953 173 125,471 2.51 
75 
10 122 901,593 107 2,219,959 2.46 
70 154 284,951 125 876,069 3.07 
100 193 93,321 153 261,580 2.80 
Medium 
10 
10 80 7,265,743 73 21,846,873 3.01 
70 158 251,016 134 578,061 2.30 
100 202 74,490 173 125,471 1.68 
45 
10 78 8,234,783 72 23,725,297 2.88 
70 131 634,094 105 2,485,124 3.92 
100 186 112,026 152 272,042 2.43 
75 
10 74 10,683,391 66 39,919,699 3.74 
70 117 1,108,871 102 2,955,500 2.67 
100 166 196,619 138 484,823 2.47 
Thick 
10 
10 59 32,748,906 52 166,096,315 5.07 
70 128 711,061 92 5,477,833 7.70 
100 171 169,783 149 306,483 1.81 
45 
10 57 38,838,176 50 210,000,034 5.41 
70 108 1,647,326 79 13,622,286 8.27 
100 148 346,829 129 725,661 2.09 
75 
10 52 61,153,801 46 345,754,752 5.65 
70 92 3,640,233 68 33,393,097 9.17 
100 131 634,094 110 1,881,619 2.97 
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mixtures at three pavement layers (2, 4, and 6-inches), three different speeds (10, 45, 
and 75 mph) and at three different temperatures (10, 70, 100˚F) using equation 1, 
respective regression constants and the maximum tensile strain, the fatigue ratios were 
calculated using equation 2 as shown in Table 2. It can be observed that the fiber-
reinforced mixture has higher NF cycles compared to unmodified mixture. Overall, the 
fatigues performance of fiber-reinforced mixture was 3.6 times more than the controlled 
unmodified mixture. 
     The tensile strains at the bottom of asphalt layer are shown in below Figure 3. 
 
Figure 3. Tensile Strains at The Bottom of The Asphaltic Layers for Different 
Pavement Structures and Vehicle Speeds for Newley Constructed Pavement 
Structures 
 
     As shown in Figure 3 the tensile strains at the bottom of asphalt layer were decreased 
when pavement thickness increased in the same mixture. Based on the nature of tensile 
strain, it was also noticed that the strain values were decreased when the speed of 
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vehicles increased from lower to higher, whereas the strain values raised when the 
temperature was increased from lower to higher. 
     The NF cycles for unmodified and fiber-reinforced mixture are shown in Figure 4. 
 
Figure 4. NF Cycles for Unmodified Controlled Mixture and Fiber-Reinforced 
Mixture for Different Temperatures for Newley Constructed Pavement Structures 
     The NF cycles in Figure 4 indicated that thicker pavement loaded with high vehicle 
speed has higher pavement life within the mixture. The average NF for control mixture 
is 6,351,678 cycles and average NF for fiber-reinforced mixture is 32,493,349 cycles as 
shown in Figure 4. This indicates that fiber-reinforced mixture has higher fatigue life 
than that of controlled mixture. 
5.1.2. Overlay Pavement Structures 
     As pavement structures continue to age over time, repeated traffic loading can 
weaken the pavement structure. When the structures become weak and start 
deteriorating, rehabilitation techniques need to be introduced to bring the existing 
pavement structure back into shape. Rehabilitation technique such as overlay, that is, 
one extra layer of new asphalt surfacing can be constructed over the existing layer to 
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improve the pavement strength. Fatigue cracking can be occurred in overlay and have 
significant impact on the performance of the structure (1). It is necessary to reinforce 
the overlay pavement structure against fatigue cracking like in newly constructed 
pavement structure. 
     The fatigue mechanistic analysis for an overlay pavement structures included 36 
individual 3D-Move analysis cases (2 mixtures x 2 pavement structures x 3 vehicle 
speeds x 3 pavement temperatures). The two HMA overlay pavements structures: thin 
(1-inches), and thick (2-inches) were considered for analysis.  These HMA overlay 
structures are placed over 4 inches of HMA and 6 inches crushed aggregate base (CAB). 
The input parameters such as traffic speed, traffic loading, temperatures are considered 
same as used in newly constructed pavement structures. The fatigue lives (NF) for all 
the 36 scenarios and fatigue ratio were also calculated using equation 1 and equation 2 
respectively. The summary of the maximum tensile strains and NF cycles are presented 
in Table 3 as well as in Figure 5 and 6.  
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Table 3. Mechanistic Fatigue Analysis Results for Controlled and Fiber-Reinforced 
Mixtures for An Overlay Pavement Structures 
     Using 3D-Move software, fatigue mechanistic analysis was conducted. The strain 
values were determined from 3D- Move software. NF cycles were calculated for both 
mixtures at two HMA overlay pavement layers (1 and 2-inches), three different speeds 
(10, 45, and 75 mph) and at three different temperatures (10, 70, 100˚F) using equation 
1, respective regression constants and the maximum tensile strain. The fatigue ratios 
were calculated using equation 2 as shown in Table 3. It can be observed that the fiber-
reinforced mixture has higher NF cycles compared to unmodified mixture. Overall, the 
fatigues performance of fiber-reinforced mixture was 4.8 times more than the controlled 
unmodified mixture.  
      
  
Pavement 
Layer 
Thickness 
Speed 
(mph) 
Temp. 
(˚F) 
Controlled Unmodified 
Mixture 
 
Fiber Reinforced  
Mixture 
 Fatigue 
Ratio 
Average 
Fatigue 
Ratio Strains 
(microns) 
NF (Cycles) 
Strains 
(microns) 
NF (Cycles) 
Thin 
10 
10 58 35,637,609 53 148,214,363 4.16 
4.8 
70 131 634,094 102 2,955,500 4.66 
100 202 74,490 171 134,506 1.81 
45 
10 56 42,390,662 51 186,547,889 4.40 
70 114 1,260,856 88 7,145,845 5.67 
100 182 124,740 145 360,645 2.89 
75 
10 53 55,656,490 50 210,000,034 3.77 
70 104 1,985,318 81 11,730,583 5.91 
100 165 202,582 131 661,878 3.27 
Thick 
10 
10 46 112,130,179 41 688,038,164 6.14 
70 116 1,156,952 86 8,198,969 7.09 
100 196 86,468 160 200,181 2.32 
45 
10 44 139,696,815 40 797,519,376 5.71 
70 98 2,663,465 73 21,846,873 8.20 
100 169 179,953 130 692,913 3.85 
75 
10 42 175,829,706 39 927,883,904 5.28 
70 90 4,058,175 68 33,393,097 8.23 
100 152 303,979 119 1,175,680 3.87 
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     The tensile strains at the bottom of HMA overlay layer are illustrated in below 
Figure 5. 
Figure 5. Tensile Strains at The Bottom of The Asphaltic Layers for Different 
Pavement Structures and Vehicle Speeds for An Overlay Pavement Structures 
     As shown in Figure 5, the tensile strains at the bottom of HMA were decreased when 
pavement thickness increased in the same mixture. Based on the nature of tensile strain, 
it was also noticed that the strain values were decreased when the speed of vehicles 
increased from lower to higher, whereas the strain values raised when the temperature 
was increased from lower to higher. 
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The NF cycles for unmodified and fiber-reinforced mixture are shown in Figure 6. 
 
Figure 6. NF Cycles for Unmodified Controlled Mixture and Fiber-Reinforced 
Mixture for Different Temperatures for An Overlay Pavement Structures 
     The NF cycles in Figure 6 indicates that thicker pavement loaded with high vehicle 
speed has higher pavement life within the mixture. The average NF for control mixture 
is 31,892,919 cycles and the average NF for fiber-reinforced mixture is 169,261,133 
cycles as shown in Figure 6. This indicates that fiber-reinforced mixture has higher 
fatigue life than that of controlled mixture. 
5.2. Rutting Mechanistic Analysis 
     Rutting is one of the structural failures characterized by longitudinal depression on 
the pavement surface (1). Rutting in pavement is a serious mode of distress beside 
fatigue in asphalt pavement that may lead to premature failure in pavements and results 
in early and costly rehabilitation. Longitudinal crack, which often occurs in deep ruts, 
induces the penetration of water and other debris, accelerates the rate of deterioration 
of HMA. 
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Figure 7. Typical Relationship Between Total Cumulative Plastic strain and Number 
of Load Cycles (3) 
     The Figure 7 illustrates the typical relationship between the total cumulative plastic 
strain and number of load cycles. It can be observed that the cumulative permanent 
strain curve is generally defined by three zones: primary, secondary, and tertiary. 
Permanent deformations accumulate rapidly in the primary zone. The incremental 
permanent deformations decrease reaching a constant value in the secondary zone. 
Finally, the incremental permanent deformations again increase, and permanent 
deformations accumulate rapidly in the tertiary zone (3). 
5.2.1. Newly Constructed Pavement Structure 
     Displacement at the top of the subgrade layer were analysed under the centre point 
between the dual tires to identify the maximum displacement. Like the fatigue 
mechanistic analysis, another 54-individual 3D-Move analysis scenarios (2 mixtures x 
3 pavement structures x 3 vehicle speeds x 3 pavement temperatures) were completed. 
The numbers of cycles to rutting failure based on flow number test was then calculated 
using the following εp-NR relationship (2): 
εp (NR) = A(NR)B +C (e D(NR)-1)                (Equation 3) 
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Where εp (NR) is Permanent strain, NR is the number of loading cycles to reach rutting 
failure and A, B, C, and D are Regression constants. For controlled mixture, A= 
0.04871, B = 0.635511, C = 0.01325648, D = 0.01002681, and similarly for fiber-
reinforced mixture A= 0.02142, B = 0.582121, C = 0.001629, D = 0.00103547 (3). The 
rutting ratio was then calculated as follows: 
Rutting Ratio = 
𝑵𝑹 𝒐𝒇 𝑭𝒊𝒃𝒆𝒓−𝑹𝒆𝒊𝒏𝒇𝒐𝒓𝒄𝒆𝒅 𝑴𝒊𝒙
𝑵𝑹 𝒐𝒇 𝑪𝒐𝒏𝒕𝒓𝒐𝒍𝒍𝒆𝒅 𝑴𝒊𝒙
                                                 (Equation 4) 
     Rutting life for each fiber-reinforced mixture scenario over the rutting life of the 
corresponding controlled unmodified mixture scenario is shown in Table 5. The 
summary of the maximum displacement, NR cycles, and rutting ratio are presented in 
Tables 4 and 5 as well as in Figure 8 and 9. 
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Table 4. Displacement and Percent Strains for Controlled and Fiber-Reinforced 
Mixtures for The Newley Constructed Pavement Structures 
     The displacement values were determined from 3D- Move software for both mixtures 
at three pavement layers (2, 4, and 6-inches), three different speeds (10, 45, and 75 
mph) and at three different temperatures (10, 70, 100˚F) as shown in Table 4. Based on 
observation, it is noticed that the displacement decreased when the thickness of the 
pavement and the speed of the vehicles were increased, whereas displacement increased 
when the temperature was increased from lower to higher within the same mixture. The 
 
Pavement 
Layer 
Thickness 
Speed 
(mph) 
Temp. 
(˚F) 
Unmodified Controlled  
Mixture 
Fiber-Reinforced  
Mixture 
Displacement 
(Inches) 
Percent Strain 
Displacement 
(Inches) 
Percent  
Strain 
Thin 
10 
10 0.032 0.4 0.031 0.39 
70 0.048 0.6 0.045 0.56 
100 0.059 0.74 0.054 0.67 
45 
10 0.031 0.387 0.03 0.375 
70 0.045 0.56 0.042 0.52 
100 0.056 0.70 0.053 0.66 
75 
10 0.03 0.37 0.029 0.362 
70 0.044 0.55 0.041 0.51 
100 0.055 0.69 0.052 0.65 
Medium 
10 
10 0.022 0.22 0.02 0.20 
70 0.029 0.29 0.024 0.24 
100 0.037 0.37 0.032 0.32 
45 
10 0.021 0.21 0.019 0.19 
70 0.026 0.26 0.022 0.22 
100 0.034 0.34 0.03 0.30 
75 
10 0.02 0.2 0.018 0.18 
70 0.0235 0.23 0.021 0.21 
100 0.032 0.32 0.029 0.29 
Thick 
10 
10 0.014 0.12 0.013 0.108 
70 0.026 0.22 0.022 0.18 
100 0.035 0.29 0.031 0.258 
45 
10 0.013 0.11 0.012 0.10 
70 0.024 0.20 0.02 0.17 
100 0.033 0.27 0.03 0.25 
75 
10 0.012 0.10 0.011 0.092 
70 0.021 0.18 0.019 0.16 
100 0.029 0.24 0.027 0.0225 
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percent strains which are calculated using the displacement and the thickness of 
pavement layer also follow the similar trend followed by displacement and strain values 
within each mixture.  
Table 5. Mechanistic Rutting Analyses for Controlled and Fiber-Reinforced Mixtures 
for The Newly Constructed Pavement Structures 
 
Pavement 
Layer 
Thickness 
Speed 
(mph) 
Temp. 
(˚F) 
Unmodified 
Controlled Mixture 
Fiber-Reinforced 
Mixture Rutting 
Ratio Average 
Rutting 
Ratio 
NR based on Flow 
Number 
NR based on Flow 
Number 
Thin 
10 
10 27 146 5.4 
4.5 
70 52 272 5.2 
100 71 371 5.2 
45 
10 25 136 5.4 
70 46 240 5.2 
100 65 366 5.6 
75 
10 24 129 5.4 
70 45 233 5.2 
100 63 354 5.6 
Medium 
10 
10 11 48 4.3 
70 16 65 4.1 
100 24 105 4.4 
45 
10 10 43 4.3 
70 14 56 4.0 
100 21 94 4.5 
75 
10 9.5 39 4.1 
70 11.5 51 4.4 
100 19 90 4.7 
Thick 
10 
10 4.5 16 3.6 
70 11 39 3.5 
100 16 72 4.5 
45 
10 4 14 3.5 
70 9.5 36 3.8 
100 15 68 4.5 
75 
10 4 12 4.0 
70 8 32 4.0 
100 12 56 4.7 
     Using the percent strain and respective regression coefficients in equation 3, NR 
based on flow number were calculated for both mixtures as indicated in Table 5. The 
rutting ratios were determined using equation 5. It can be inferred from above table that 
fiber-reinforced mixture has higher NR based on flow number compared to unmodified 
mixture. Overall, the rutting performance of fiber-reinforced mixture was 4.5 times 
more than the unmodified controlled mixture.      
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     The Figure 8 illustrates the displacement at the top of subgrade layer for both 
mixtures. 
 
Figure 8. Displacement at The Top of The Subgrade Layers for Different Pavement 
Structures and Vehicle for The Newly Constructed Pavement Structures 
     In a mixture, the thicker surface layer has lower displacement compared to the 
corresponding thin asphalt concrete layer as shown in Figure 8. Based on the nature of 
displacement it is also observed that the displacement decreased when the speed of 
vehicle was increased from lower to higher, whereas the displacement values raised 
when the temperature was increased from lower to higher. 
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     The NR cycles for unmodified and fiber-reinforced mixture are shown in figure 9. 
 
Figure 9. NR Cycles Based on Flow Number for Unmodified Controlled Mixture and 
Fiber-Reinforced Mixture for Different Temperatures the Newly Constructed 
Pavement Structures 
     The NR cycles in the Figure 9 indicated that thicker pavement loaded with higher 
vehicle speed has higher pavement life within the mixture. The average NR for control 
mixture is 24 cycles and average NR for fiber-reinforced mixture is 118 cycles as shown 
in figure 9. This indicates that fiber-reinforced mixture has higher rutting life than that 
of controlled mixture. 
5.2.2. Overlay Pavement Structures 
 
     Rutting can also be a major form of distress in HMA overlay. Regarding HMA 
overlay rutting, it is commonly believed that rutting is a demonstration of two different 
mechanisms and is a combination of densification (change in volume) and repetitive 
shear deformation (lateral movement or plastic flow with no change in volume). Both 
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densification and shear deformation are strongly influenced by traffic loading, 
pavement structure, and pavement material properties. Climate shows significant effect 
on rutting development, when the subgrade experiences seasonal variations and when 
the bituminous materials are subjected to high temperatures. Like newly constructed 
pavement structures, displacement at the top of the subgrade layer were analysed under 
the centre point between the dual tires to identify the maximum displacement. Like the 
fatigue mechanistic analysis in an overlay structures, another 36-individual 3D-Move 
analysis scenarios (2 mixtures x 3 pavement structures x 3 vehicle speeds x 3 pavement 
temperatures) were conducted. The HMA overlay structures (1-inches and 2-inches) 
were placed over 4 inches of HMA and 6 inches crushed aggregate base (CAB).  
     The numbers of cycles to rutting failure based on flow number (NR) and rutting ratio 
test was then calculated utilizing equation 3 and 4 respectively. The summary of the 
maximum displacement, NR cycles, and rutting ratio are presented in Tables 6 and 7 as 
well as in Figure 7.  
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Table 6. Displacement and Percent Strains for Controlled and Fiber-Reinforced 
Mixtures for An Overlay Pavement Structures 
 
Pavement 
Layer 
Thickness 
Speed 
(mph) 
Temp. 
(˚F) 
Unmodified Controlled  
Mixture 
Fiber-Reinforced  
Mixture 
Displacement 
(Inches) 
Percent 
Strain 
Displacement 
(Inches) 
Percent 
Strain 
Thin 
10 
10 0.023 0.21 0.0227 0.21 
70 0.035 0.32 0.031 0.28 
100 0.044 0.40 0.04 0.36 
45 
10 0.022 0.20 0.022 0.20 
70 0.033 0.30 0.029 0.26 
100 0.042 0.38 0.037 0.34 
75 
10 0.021 0.19 0.021 0.19 
70 0.032 0.29 0.029 0.26 
100 0.041 0.37 0.037 0.34 
Thick 
10 
10 0.019 0.16 0.018 0.15 
70 0.03 0.25 0.026 0.22 
100 0.039 0.32 0.035 0.29 
45 
10 0.018 0.15 0.0174 0.14 
70 0.028 0.23 0.025 0.21 
100 0.036 0.30 0.032 0.27 
75 
10 0.017 0.14 0.017 0.14 
70 0.027 0.22 0.024 0.20 
100 0.035 0.29 0.031 0.26 
     The displacement values were determined from 3D- Move software for both 
mixtures at two HMA overlay pavement layers (1 and 2-inches), three different speeds 
(10, 45, and 75 mph) and at three different temperatures (10, 70, 100˚F) as shown in 
Table 6. Based on observation, it is noticed that the displacement decreased when the 
thickness of the pavement and the speed of the vehicles were increased, whereas 
displacement increased when the temperature was increased from lower to higher 
within the same mixture. The percent strains which were calculated using the 
displacement and the thickness of pavement layer also follow the similar trend as 
followed by displacement and strain values within each mixture.  
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Table 7. Mechanistic Rutting Analyses for Controlled and Fiber-Reinforced Mixtures 
for An Overlay Pavement Structures 
Pavement 
Layer 
Thickness 
Speed 
(mph) 
Temp. 
(˚F) 
Unmodified 
Controlled Mixture 
Fiber-Reinforced 
Mixture Rutting 
Ratio 
Average 
Rutting 
Ratio NR based on Flow 
Number 
NR based on Flow 
Number 
Thin 
10 
10 10 51 5.1 
4.7 
70 19 83 4.4 
100 27 128 4.7 
45 
10 9 47 5.2 
70 17 75 4.4 
100 25 118 4.7 
75 
10 8 44 5.5 
70 16 70 4.4 
100 24 109 4.5 
Thick 
10 
10 6.5 29 4.5 
70 13 55 4.2 
100 19 88 4.6 
45 
10 6 26 4.3 
70 11 53 4.8 
100 17 79 4.6 
75 
10 5.4 26 4.8 
70 10.5 48 4.6 
100 16 75 4.7 
     Using the percent strain and respective regression coefficients in equation 4, NR based 
on flow number were calculated for both mixtures as indicated in Table 7. The rutting 
ratios were determined using equation 5. It can be inferred from above table that fiber-
reinforced mixture has higher NR based on flow number compared to unmodified 
mixture. Overall, the rutting performance of fiber-reinforced mixture was 4.7 times 
more than the unmodified controlled mixture. 
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     Figure 10 illustrates the displacement at the top of subgrade layer for both 
mixtures.  
Figure 10. Displacement at The Top of The Subgrade Layers for Different Pavement 
Structures and Vehicle for An Overlay Pavement Structures 
     In a mixture, the thicker surface layer had lower displacement compared to the 
corresponding thin asphalt concrete layer as indicated in above Figure 10. Based on the 
nature of displacement it is also observed that the displacement decreased when the 
speed of vehicle was increased from lower to higher, whereas the displacement values 
raised when the temperature was increased from lower to higher. 
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     The NR cycles for unmodified and fiber-reinforced mixture are shown in Figure 11. 
Figure 11. NR Cycles Based on Flow Number for Unmodified Controlled Mixture and 
Fiber-Reinforced Mixture for Different Temperatures for An Overlay Pavement 
Structures 
     The NR cycles in Figure 11 indicated that thicker pavement loaded with higher 
vehicle speed had higher pavement life within the mixture. The average NR for control 
mixture is 14 cycles and average NR for fiber-reinforced mixture is 67 cycles as shown 
in Figure 11. This indicates that fiber-reinforced mixture had higher rutting life than 
that of controlled mixture.
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Chapter Six 
Cost Analysis 
6.1. Cost Comparison Based on Fatigue and Rutting Performance 
     To evaluate the economic value of each mixture based on fatigue and rutting 
performance, a pavement section of one-mile (5280 ft) with 15 ft wide single lane was 
considered. The assumed density of asphalt concrete was 145 lb/ft3.  
Cost of Pavement per 1000 Cycles of Fatigue Life = 
𝑪𝒐𝒔𝒕 𝒐𝒇 𝟏 𝒎𝒊𝒍𝒆 𝑷𝒂𝒗𝒆𝒎𝒆𝒏𝒕
(
𝑵𝑭 𝑪𝒚𝒄𝒍𝒆𝒔
𝟏𝟎𝟎𝟎
)  
 
(Equation 5) 
Cost of Pavement per Cycles of Rutting Life = 
𝑪𝒐𝒔𝒕 𝒐𝒇 𝟏𝒎𝒊𝒍𝒆 𝒑𝒂𝒗𝒆𝒎𝒆𝒏𝒕
𝑵𝑹 𝑪𝒚𝒄𝒍𝒆𝒔
     (Equation 6)   
6.1.1. Newley Constructed Pavement  
      The required quantities for paving newly constructed pavement structures which 
consist of 2, 4, and 6-inch-thick asphalt concrete layers are: 
 For 2 inches (0.167 ft) thick asphalt concrete layer, 5280ft*15ft*0.167ft*145 
lb/ft3 = 959 tons. 
 For 4 inches (0.34 ft) thick asphalt concrete layer, 5280ft *15ft*0.34ft*145 lb/ft3 
= 1,939 tons. 
 For 6 inches (0.60 ft) thick asphalt concrete layer, 5280ft *15ft*0.60ft*145 lb/ft3 
= 3,421 tons. 
     Cost of Production of 100 tons of HMA Mixture can be calculated as follows: 
 Optimum binder content in the mixture = 5.1% 
 Quantity of binder required = 5.1 tons 
 Quantity of aggregate = 94.9 tons 
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 Total cost of binder @ $650/ton = 5.1*650 = $3315 
 Total cost of aggregate @$22/ton = 94.9*22 = $2087.8 
 Cost of plant and equipment lump sum for 100 tons of HMA mixture = $2500 
 Total Cost to produce 100 tons of the HMA mixture = $3315+ $2087.8+ $2500 
= $7902.8 
 The Cost of HMA per ton = $79.03 
     The additional cost for one pound of added fibres was estimated to be $12. The 
estimated cost of one-pound fiber-reinforced mixtures becomes $79.03+ $12 = $91.03 
per ton. The required cost to pave one mile of the pavement section for various mixtures 
can then be calculated as follows: 
 Cost to pave one mile of 2-inch thick control mix without fibers = 959 tons* 
$79.03/ton = $75,790 
 Cost to pave one mile of 4-inch thick control mix without fibers = 1939 tons * 
$79.03/ton = $153,239 
 Cost to pave one mile of 6-inch thick control mix without fibers = 3421 tons * 
$79.03/ton = $270,362 
 Cost to pave one mile of 2-inch thick mixture that contained fibers = 959 tons * 
$91.03 /ton = $87,298 
 Cost to pave one mile of 4-inch thick mixture that contained fibers = 1939 tons 
* $91.03 /ton = $176,507 
 Cost to pave one mile of 6-inch thick mixture that contained fibers = 3421 tons 
* $91.03 /ton = $311,414 
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Table 8. Cost Calculation per Mile per 1000 Cycles Fatigue Performance for 
Controlled and Fiber-Reinforced Mixtures for The Newly Constructed Pavement 
Structures 
 
 
Pavement 
Layer 
Thickness 
 
Speed 
(mph) 
Temp. 
(˚F) 
Unmodified Controlled  
Mixture 
 
 
 
Fiber-Reinforced 
 Mixture 
 
Cost of 
pavement per 
1000 cycles of 
fatigue life 
per 1mile ($) 
Average cost of 
pavement per 
1000 cycles of 
fatigue life per 1 
mile ($) 
Cost of 
pavement per 
1000 cycles of 
fatigue life per 
1mile ($) 
Average cost of 
pavement per 
1000 cycles of 
fatigue life per 1 
mile ($) 
Thin 
10 
10 111 
543 
54 
288 
70 695 285 
100 2,196 1,468 
45 
10 103 52 
70 515 165 
100 1,517 696 
75 
10 74 39 
70 226 100 
100 529 334 
Medium 
10 
10 21 8. 
70 610 305 
100 2,057 1,407 
45 
10 19 7 
70 242 71 
100 1368 649 
75 
10 14 4 
70 138 60 
100 779 364 
Thick 
10 
10 8 2 
70 380 57 
100 1,592 1,016 
45 
10 7 1 
70 164 23 
100 780 429 
75 
10 4 1 
70 74 9 
100 426 166 
     As shown in Tables 8 the costs of 1000 cycles of fatigue life per pavement mile were 
calculated for two types of mixtures using the equation 5, which was concluded by 
combining the cost of the pavement per mile with the fatigue by utilizing the 
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mechanistic-empirical analyses. As observed in above table, fiber-reinforced mixture 
has lower cost of pavement per 1000 cycles of fatigue life per mile compared to 
controlled unmodified mixture. The lower cost per mile per cycles of fatigue, illustrates 
more cost-effectiveness. Additionally, the cost of fiber-reinforced mixture per 1000 
cycles of fatigue life per mile was 1.88 times lower than controlled unmodified mixture.  
Table 9. Cost Calculations per Mile per Cycles Rutting Performance for Controlled 
and Fiber-Reinforced Mixtures for The Newley Constructed Pavement Structures 
 
Pavement 
Layer 
Thickness 
Speed 
(mph) 
Temp. 
(˚F) 
Unmodified Controlled 
 Mixture 
 
 
 
 
Fiber-Reinforced  
Mixture 
 
Cost of 
pavement per 
cycles of rutting 
life per 1mile 
($) 
Average cost 
of pavement 
per cycles of 
rutting life per 
1 mile ($) 
Cost of 
pavement per 
cycles of rutting 
life per 1mile 
($) 
Average cost 
of pavement 
per cycles of 
rutting life per 
1 mile ($) 
Thin 
10 
10 2,807 
6,567 
598 
1,712 
70 1,458 321 
100 1,067 235 
45 
10 3,032 642 
70 1648 325 
100 1,166 239 
75 
10 3,158 677 
70 1,684 373 
100 1,203 246 
Thick 
10 
10 13,931 3,677 
70 9,577 2,715 
100 6,385 1,681 
45 
10 15,324 4,105 
70 10,946 3,152 
100 7,297 1,878 
75 
10 16,130 4,526 
70 13,325 3,461 
100 8,065 1,961 
Thick 
10 
10 60,080 19,463 
70 24,578 7,985 
100 16,898 4,325 
45 
10 67,591 22,244 
70 28,459 8,650 
100 18,024 4,580 
75 
10 67,591 25,951 
70 33,795 9,732 
100 22,530 5,561 
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     As indicated in table 9, the costs of cycles of rutting life per pavement mile were 
calculated for two types of mixtures using the equation 6, which was concluded by 
combining the cost of the pavement per mile with the rutting life by utilizing the 
mechanistic-empirical analyses. It was observed that fiber-reinforced mixture has lower 
cost of pavement per cycles of rutting life per mile compared to controlled unmodified 
mixture. The lower cost per mile per cycles of rutting, results in more cost-
effectiveness. Additionally, the cost of fiber-reinforced mixture per cycles of rutting 
life per mile was 3.8 times lower than controlled unmodified mixture.  
6.1.2. Overlay Pavement Structures 
     The required quantities for paving 1 and 2-inch-thick HMA overlay layers are: 
 For 1 inches (0.083 ft) thick asphalt concrete layer, 5280ft*15ft*0.083ft*145 
lb/ft3  = 476 tons. 
 For 2 inches (0.167 ft) thick asphalt concrete layer, 5280ft *15ft*0.167ft*145 
lb/ft3 = 959 tons. 
     The cost of production of 100 tons of HMA mixture can be calculated in similar 
ways as shown for newly constructed pavement structures. The estimated cost of one-
pound fiber-reinforced mixtures was estimated as $91.03 per ton which remained same 
as shown in newly constructed pavement structures. Therefore, the required cost to pave 
one mile of the pavement section for various mixtures can then be calculated as follows: 
 Cost to pave one mile of 1-inch thick control mix without fibers = 476 tons* 
$79.03/ton = $37,697 
 Cost to pave one mile of 2-inch thick control mix without fibers = 959 tons * 
$79.03/ton = $75,790  
 Cost to pave one mile of 1-inch thick mixture that contained fibers = 476 tons * 
$91.03 /ton = $43,330 
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 Cost to pave one mile of 2-inch thick mixture that contained fibers = 959 tons * 
$91.03 /ton = $87,298 
Table 10. Cost Calculation per Mile per 1000 Cycles Fatigue Performance for   
Controlled and Fiber-Reinforced Mixtures for An Overlay Pavement Structures 
 
 
Pavement 
Layer 
Thickness 
 
Speed 
(mph) 
Temp. 
(˚F) 
Unmodified Controlled  
Mixture 
 
 
 
Fiber-Reinforced 
 Mixture 
 
Cost of 
pavement per 
1000 cycles of 
fatigue life per 
1mile ($) 
Average cost of 
pavement per 
1000 cycles of 
fatigue life per 1 
mile ($) 
Cost of 
pavement per 
1000 cycles of 
fatigue life 
per 1mile ($) 
Average cost of 
pavement per 
1000 cycles of 
fatigue life per 1 
mile ($) 
Thin 
10 
10 1.1 
154 
0.29 
66 
70 59.5 14.66 
100 506.1 322.14 
45 
10 0.9 0.23 
70 29.9 6.06 
100 302.2 120.15 
75 
10 0.7 0.21 
70 19 3.69 
100 186.1 65.47 
Thick 
10 
10 0.7 0.13 
70 65.5 10.65 
100 876.5 436.10 
45 
10 0.5 0.11 
70 28.5 4.0 
100 421.2 126 
75 
10 0.4 0.09 
70 18.7 2.61 
100 249.3 74.25 
     As shown in Tables 10 the costs of 1000 cycles of fatigue life per pavement mile 
were calculated for two types of mixtures using equation 5, which was concluded by 
combining the cost of the pavement per mile with the fatigue by utilizing the 
mechanistic-empirical analyses. As observed in above table, fiber-reinforced mixture 
has lower cost of pavement per 1000 cycles of fatigue life per mile compared to 
controlled unmodified mixture. The lower cost per mile per cycles of fatigue, illustrates 
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more cost-effectiveness. Additionally, the cost of fiber-reinforced mixture per 1000 
cycles of fatigue life per mile was 2.33 times lower than controlled unmodified mixture. 
Table 11. Cost Calculations per Mile per Cycles Rutting Performance for Controlled 
and Fiber-Reinforced Mixtures for An Overlay Pavement Structures 
 
Pavement 
Layer 
Thickness 
Speed 
(mph) 
Temp. 
(˚F) 
Unmodified Controlled  
Mixture 
 
 
 
 
Fiber-Reinforced  
Mixture 
 
Cost of 
pavement per 
cycles of 
rutting life per 
1mile ($) 
Average cost of 
pavement per 
cycles of rutting 
life per 1 mile 
($) 
Cost of 
pavement per 
cycles of rutting 
life per 1mile 
($) 
Average cost of 
pavement per 
cycles of rutting 
life per 1 mile   
($) 
Thin 
10 
10 3,770 
5,286 
850 
1,312 
70 1,984 522 
100 1,396 339 
45 
10 4,189 922 
70 2,217 578 
100 1,508 367 
75 
10 4,712 985 
70 2,356 619 
100 1,571 398 
Thick 
10 
10 11,660 3,010 
70 5,830 1,587 
100 3,989 992 
45 
10 12,632 3,358 
70 6,890 1,647 
100 4,458 1,105 
75 
10 14,035 3,358 
70 7,218 1,819 
100 4,737 1,164 
     As indicated in table 11, the costs of cycles of rutting life per pavement mile were 
calculated for two types of mixtures using equation 6, which was concluded by 
combining the cost of the pavement per mile with the rutting life by utilizing the 
mechanistic-empirical analyses. It was observed that fiber-reinforced mixture has lower 
cost of pavement per cycles of rutting life per mile compared to controlled unmodified 
mixture. The lower cost per mile per cycles of rutting, results in more cost-
effectiveness. Additionally, the cost of fiber-reinforced mixture per cycles of rutting 
life per mile was 4.02 times lower than controlled unmodified mixture.  
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6.2. Cost- Effectiveness Analyses 
     Cost-effectiveness is a technique for comparing the amount paid to the benefits 
obtained. The cost-effectiveness of the controlled unmodified mixture and fiber-
reinforced mixture was calculated by using the following equation (10): 
Cost-Effectiveness = 
𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝑭𝒂𝒕𝒊𝒈𝒖𝒆 𝒐𝒓 𝑹𝒖𝒕𝒕𝒊𝒏𝒈 𝑪𝒚𝒄𝒍𝒆𝒔
𝑪𝒐𝒔𝒕 𝒐𝒇 𝟏 𝒎𝒊𝒍𝒆 
            (Equation 7) 
     It is an alternative economic evaluation technique that provides the ratio of the 
benefit to the cost paid. In this analysis, only the material’s initial cost was considered, 
ignoring the maintenance cost. The expected performances, predicting the number of 
fatigue and rutting cycles to failure for the given mixture of pavement thickness and 
speed, is divided by the unit cost, which results as cost-effectiveness in terms of cycles 
/cost of one mile.  
6.2.1. Newly Constructed Pavement Structures 
     The calculated NF cycles of fatigue analysis and NR cycles based on flow number 
for newly constructed pavement structures are divided by the cost of the pavement 
materials as calculated under the cost-analysis part. The summary of cost effective 
analysis of newly constructed pavement structures for fatigue and rutting are shown in 
Table 12 and 13.  
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Table 12. Cost-Effectiveness of Controlled and Fiber-Reinforced Mixtures in Terms 
of Fatigue for The Newly Constructed Pavement Structures 
Pavement 
Layer 
Thickness 
Speed 
(mph) 
Temp. 
(˚F) 
Unmodified Controlled 
Mixture 
Fiber-Reinforced  
Mixture 
Average Cost-
Effectiveness 
Ratio 
Cost-
Effectiv
eness 
Average Cost-
Effectiveness 
Cost-
Effectiv
eness 
Average Cost-
Effectiveness 
Thin 
10 
10 9 
27.6 
18.4 
115.1 4.2 
70 1.4 3.5 
100 0.5 0.7 
45 
10 9.8 19.4 
70 1.9 6.1 
100 0.7 1.4 
75 
10 11.9 25.4 
70 3.8 10.0 
100 1.2 3.0 
Medium 
10 
10 47.4 123.8 
70 1.6 3.3 
100 0.5 0.7 
45 
10 53.7 134.4 
70 4.1 14.1 
100 0.7 1.5 
75 
10 69.7 226.2 
70 7.2 16.7 
100 1.3 2.7 
Thick 
10 
10 121.1 533.4 
70 2.6 17.6 
100 0.6 1.0 
45 
10 143.7 674.3 
70 6.1 43.7 
100 1.3 2.3 
75 
10 226.2 1,110.3 
70 13.5 107.2 
100 2.3 6.0 
     Cost effectiveness analysis was conducted to compare the cost benefit of adding 
fiber on normal mix. The cost-effectiveness values as shown in Table 12 were 
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calculated using equation 7. It was observed that the cost-effectiveness was increased 
by increasing the speed of vehicle (10 to 75mph) and the thickness of pavement (2 to 
6-inches). The average cost-effectiveness ratio of fiber-reinforced mixture was 4.2 
times higher than that of the unmodified controlled mixture in fatigue analysis. This 
indicates that fiber-reinforced mixture has the greater cost benefit ratio than that of the 
unmodified mixture.  
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Table 13. Cost-Effectiveness of Controlled and Fiber-Reinforced Mixtures in Terms 
of Rutting for The Newly Constructed Pavement Structures 
Pavement 
Layer 
Thickness 
Speed 
(mph) 
Temp. 
(˚F) 
Unmodified Controlled 
Mixture 
Fiber-Reinforced 
 Mixture 
Average 
Cost-
Effectiven
ess Ratio Cost-
Effectiven
ess 
Average 
Cost-
Effectiven
ess 
Cost-
Effectiven
ess 
Average 
Cost-
Effectiven
ess 
Thin 
10 
10 0.00036 
0.00025 
0.00167 
0.00113 4.5 
70 0.00069 0.00312 
100 0.00094 0.00425 
45 
10 0.00033 0.00156 
70 0.00061 0.00308 
100 0.00086 0.00418 
75 
10 0.00032 0.00148 
70 0.00059 0.00268 
100 0.00083 0.00407 
Medium 
10 
10 0.00007 0.00027 
70 0.00010 0.00037 
100 0.00016 0.00059 
45 
10 0.00007 0.00024 
70 0.00009 0.00032 
100 0.00014 0.00053 
75 
10 0.00006 0.00022 
70 0.00008 0.00029 
100 0.00012 0.00051 
Thick 
10 
10 0.00002 0.00005 
70 0.00004 0.00013 
100 0.00006 0.00023 
45 
10 0.00001 0.00004 
70 0.00004 0.00012 
100 0.00006 0.00022 
75 
10 0.00001 0.00004 
70 0.00003 0.00010 
100 0.00004 0.00018 
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          The cost effectiveness analysis was also conducted in rutting analysis using the 
same equation 7 to compare the cost benefit of adding fiber on normal mix as shown in 
Table 13. It was noticed that the cost-effectiveness within same mixture in terms of 
rutting analysis was increased by increasing the speed of vehicle (10 to 75mph) and the 
pavement thickness (2 to 6-inches). The average cost-effectiveness ratio of fiber-
reinforced mixture was 4.5 times higher than that of the unmodified controlled mixture 
in rutting analysis. This indicates that fiber-reinforced mixture has the greater cost 
benefit ratio than that of the unmodified mixture. 
6.2.2. Overlay Pavement Structures 
     The calculated NF cycles of fatigue analysis and NR cycles based on flow number 
for overlay pavement structures were divided by the cost of the pavement materials as 
calculated under the cost-analysis part. The summary of cost effective analysis of 
overlay pavement structures for fatigue and rutting are shown in Table 14 and 15. 
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Table 14. Cost-Effectiveness of Controlled and Fiber-Reinforced Mixtures in Terms 
of Fatigue for An Overlay Pavement Structures 
Pavement 
Layer 
Thickness 
Speed 
(mph) 
Temp. 
(˚F) 
Unmodified Controlled 
Mixture 
Fiber-Reinforced  
Mixture 
Average Cost-
Effectiveness 
Ratio Cost-
Effectiven
ess 
Average Cost-
Effectiveness 
Cost-
Effectiven
ess 
Average Cost-
Effectiveness 
Thin 
10 
10 945.4 
523 
3,420.6 
2,305 4.4 
70 16.8 68.2 
100 2.0 3.1 
45 
10 1,124.5 4,305.3 
70 33.4 164.9 
100 3.3 8.3 
75 
10 1,476.4 4,846.5 
70 52.7 270.7 
100 5.4 15.3 
Thick 
10 
10 1,479.5 7,881.5 
70 15.3 93.9 
100 1.1 2.3 
45 
10 1,843.2 9,135.6 
70 35.1 250.3 
100 2.4 7.9 
75 
10 2,320.0 10,628.9 
70 53.5 382.5 
100 4.0 13.5 
     Cost effectiveness analysis was conducted to compare the cost benefit of adding 
fiber on normal mix for an overlay pavement structures. The cost-effectiveness values 
as shown in Table 14 were calculated using the equation 7. It was observed that the 
cost-effectiveness was increased by increasing the speed of vehicle (10 to 75mph) and 
the thickness of pavement (1 and 2-inches). Average cost-effectiveness ratio of fiber-
reinforced mixture was 4.4 times higher than that of the unmodified controlled mixture 
in fatigue analysis. This indicates that fiber-reinforced mixture has the greater cost 
benefit ratio than that of the unmodified mixture.  
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Table 15. Cost-Effectiveness of Controlled and Fiber-Reinforced Mixtures in Terms 
of Rutting for An Overlay Pavement Structures 
Pavement 
Layer 
Thickness 
Speed 
(mph) 
Temp. 
(˚F) 
Unmodified Controlled 
Mixture 
Fiber-Reinforced  
Mixture 
Average 
Cost-
Effectiveness 
Ratio 
Cost-
Effectiv
eness 
Average Cost-
Effectiveness 
Cost-
Effectiv
eness 
Average Cost-
Effectiveness 
Thin 
10 
10 0.00027 
0.00030 
0.0018 
0.00123 4.1 
70 0.00050 0.0019 
100 0.00072 0.0029 
45 
10 0.00024 0.0011 
70 0.00045 0.0017 
100 0.00066 0.0027 
75 
10 0.00021 0.0010 
70 0.00042 0.0016 
100 0.00064 0.0025 
Thick 
10 
10 0.00009 0.00033 
70 0.00017 0.00063 
100 0.00025 0.0010 
45 
10 0.00008 0.00030 
70 0.00015 0.00061 
100 0.00022 0.00090 
75 
10 0.00007 0.00030 
70 0.00014 0.00055 
100 0.00021 0.00086 
     Like in fatigue analysis, the cost effectiveness analysis was also conducted in rutting 
analysis to compare the cost benefit of adding fiber on normal mix as shown in Table 
15. It was noticed that the cost-effectiveness within same mixture in terms of rutting 
analysis was increased by increasing the speed of vehicle (10 to 75mph) and the 
pavement thickness (1 and 2-inches). Average cost-effectiveness ratio of fiber-
reinforced mixture was 4.1 times higher than that of the unmodified controlled mixture 
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in rutting analysis. This indicates that fiber-reinforced mixture has the greater cost 
benefit ratio than that of the unmodified mixture.
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Chapter Seven 
Conclusions 
     The calculated NF and NR cycles illustrated that fiber mixture has higher pavement 
life than that of the unmodified mixture in both fatigue and rutting analysis for both 
newly constructed pavement structures and overlay pavement structures. Additionally, 
cost analysis indicated that fiber-reinforced mixture was more cost effective than 
normal mixture. Based on the results, following conclusions can be drawn: 
 The tensile and displacement were decreased by increasing the pavement 
thickness. 
 The tensile strain at the bottom of the asphalt layer was decreased by increasing 
the speed of vehicle from lower to higher, and the displacement on the top of 
the subgrade layer was also decreased by increasing the speed of vehicle from 
lower to higher. 
 The fatigue performance of fiber-reinforced mixture was 3.6 and 4.8 times than 
that of the unmodified controlled mixture for newly constructed and overlay 
pavement structures respectively.  
 The NR cycles based on flow number of fiber-reinforced mixture were 4.5 and 
4.7 times greater than that of the unmodified controlled mixture for newly 
constructed and overlay pavement structures respectively. 
 For the newly constructed pavement structures, the cost of fiber-reinforced 
mixture per 1000 cycles of fatigue life per mile was $288, whereas for the 
unmodified mixture it was $543. 
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 For overlay pavement structures, the cost of fiber-reinforced mixture per 1000 
cycles of fatigue life per mile was $66, whereas for the unmodified mixture it 
was $154. 
 For the newly constructed pavement structures, the cost of fiber-reinforced 
modified mixture per cycles of rutting life per mile was $1,712, while for the 
unmodified mixture it was $6,567.   
 For overlay pavement structures, the cost of fiber-reinforced modified mixture 
per cycles of rutting life per mile was $1,312, while for the unmodified mixture 
it was $5,286. 
 The cost-effectiveness for the fiber-reinforced mixture was 4.2 times higher 
than that of the unmodified controlled mixture for fatigue analysis in newly 
constructed pavement structures.  
 The cost-effectiveness for the fiber-reinforced mixture was 4.4 times higher 
than that of the unmodified controlled mixture for fatigue analysis in an overlay 
pavement structures. 
 The cost-effectiveness for the fiber-reinforced mixture was 4.5 times higher 
than that of the unmodified controlled mixture for rutting analysis in the newly 
constructed pavement structures. 
 The cost-effectiveness for the fiber-reinforced mixture was 4.1 times higher 
than that of the unmodified controlled mixture for rutting analysis in an overlay 
pavement structures. 
 The thicker pavement loaded with high vehicles speed is more cost-effective 
than thinner pavements loaded with low vehicles speed for the same mixture. 
Based on the results of this study, it is recommended that the addition of fiber to the 
asphalt mixture shall be implemented where fatigue and rutting problems are common. 
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